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EIOW Much Energy Does It Take

“to-Make a Gallon of Ethanol?

One of the most controversial issues relating to ethanol | center of the controversy about the energetics of ethanol

concerns the quesdon of what environmentalists call the
“net energy” of ethanol production. Simply put, is more
energy used to grow the raw material and process it into
ethanol than is contained in the ethanol itself?

Our analysis concludes that the answer to this question
is no. The production of ethanol from corn is a positive net
energy generator. More energy is contained in the ethanol
and the other by-products than is used to grow the corn and
convert it into ethanol and the other by-products. If com
farmers use state-of-the-art energy efficient farming
techniques and ethanol plants integrate state-of-the-art

production processes, then the amount of energy contained |

in a gallon of ethanol and the other by-products is twice the
energy used to grow the corn and convert it into ethanol.
Finally, as the ethanol industry expands, it will
increasingly rely on more abundant and potentially lower cost
cellulosic crops(i.e. fast growing trees, woody plants like
Bermuda grass, yard waste, etc.). When that occurs, the net
energy of produdng ethanal will become even more attractive.

This report describes in detail the methodology we used
to arrive at these condusions.

The first step to answering the question about the net
energy of ethanol is to realize that three separate sub-
questions must be addressed.

1. How much energy is used to grow the raw material?

2. How much energy is used to manufacture the ethanol?

3. How do we allocate the energy used in steps one and
two between ethanol and the other co-products
produced from the raw material?

Answers to these three questions are presented in Table
1, Energy Used to Make Ethanol from Corn and Cellulose.

Table 1 is divided into three sections that parallel the
three questions: feedstock energy; processing energy; co-
product energy credits.

We focus on corn because com accounts for over 90
percent of the current feedstock for ethanol production in
the U.S. and because corn derived ethanol has been at the

The data are presented from four different cases.

The first column presents the energetics of ethanol based
on the current energy effidency of corn farming and ethanol
production. Assuming the national average for energy used
in growing corn and for energy used in the manufacture of
ethanol, about 33 percent more energy is contained in the
ethanol and other products produced in the corn processing
fadility than is used to grow the corn and make the products.
In other words, the net energy ratio is 1.33:1.

The second column presents the energetics of ethanol
based on the assumption that the most energy efficient
existing corn growing operation provides the com for the
most energy effident ethanol production fadlity. In this case,
almost two BTUs of energy would be produced for every one
BTU of energy used. The net energy ratio is 1.87:1.

The third column presents the energetics of ethanol
based on the assumption that corn farmers and ethanol
facilities use state-of-the-art practices. This is a best-case and
hypothetical scenario. If farmers and industry were to use
all the best technologies and practices the net energy ratic
would be 221:1.

The fourth column, for comparative purposes, presents
the energetics of cellulosic crop derived ethanol. If ethanol
becomes a primary transportation fuel it will probably be
made primarily from cellulosic crops like fast growing trees
or woody plants. The data in column four is from the forest
products industry and from biomass based ethanol fadlities
in the planning stages. The net energy ratio is 2.45:1.

The reader can “mix and match” components from
Table 1. For eample, assume that an average effidency
corn farm provided the feedstock for the most effident
ethanal plant. The entire process would use 29,431 BTUs in
the growing of comn plus 36,232 BTUs for the processing into
various products for a total of 65,663 BTUs. Assuming the
lower co-product credits of 24,950 BTUs in column one, the
total energy output would be, 100,950 BTUs and the net
energy increase is thus 35287 BTUs. In this case the energy
output/input ratio comes to 1.54:1.
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Table 1. Energy Used to Make Ethanol from Corn and Cellulose
(BTUs per Gallon of Ethanol)

e '— (Ing ::TryE g'vacnrg‘ge) (l%gTsEtyhg:g:) (Staot:n-osf-t{’hae-nzln) csaa"suelgsé?hca:\coﬁ.
14,800 ; 7,760 | 4,360 6.200
§§ 715 715 I 715 350
gg e 3.196 3,088 f 2,992 5.870
E§ Othorr(h‘od_st_o_ck) 10,720 ) 10,184 9,650 4,150
Total (feedstock) 29,431 | 21,747 17,717 16,570 3

Process Steam 38,500 32,150 ‘! 28,000 48,075

gg Electricity 5.100 1,700 1.700 8.925
8 Bulk Transport! 1,330 1,100 800 1,330

§§ Other (p(gcqs,)’ 1,450 1,282 1,050 2,100
“8  rotal (processing) 48,380 36,232 31,550 61,430
TOTAL ENERGY INPUT 75,811 57,979 49,267 78,000
e Energy In Ethanol 78,000 78.000 78.000 76.000
gg Ca—product Qr_oc!lu‘ 24,950 32,693 32,693 115,400
W3 Total Energy Output 100,950 108,893 | 108,693 191,400
E% Net Energy Gain 25,139 50,714 59,426 113,400

28 Pcmm Gain 33% 87% 121% 145%

1 Inchucies eNergy 1O SVerage Crop ITigation, drying, ssed, me, on-tarm siecticity, machinery, and Dulk Crop Fansporabon.

2 Buik ransport of ethancl is primanly by thuck except 1or large plants which empicy more enery sfficient rail Tansportagon. »

3 Procsss (0thern) inciudes energy required for local delivery transponation of ethancl, energy for Process waier, Mertecices, and other minos plant eneryy
NEeas ke WASIS WENN eCYCiNg and Yeatnent.

4 Co-product energy credits for com-based ethanot in wet-miling are from com od. 21% protein feed, 50% ghuten meal. and carbon dicxide. In dry-maling,
COM processiNg 1 SNAaNo! produces com of. distllers dry gran with sciubies (DDGS), and carbon dicuode. Credits for cstiuiose-based sthanct are pnmanly
for the anergy corment of Ignin dy-procuct a8 & boder fusl when ethanol it made rom wood. Greater quantties of QNN are PrOdUCEd when ethans 8 Made
from virgin wood than Fom wood Wasts STSaMS such as sufite Iquor from paper muls. Ligren refined further to phenciic CNMICEIS Can Connbute More
toward energy credits svadabie ©© ethenol.

SOURCES: "Farmers Fusing Amarica: A Speciai Report on Ethanol, “‘Fam Joumal Custom Publishing Co.. 1991: High Plains Comporation, Wichita,
Kansas. June 1962 Kaeney, O. A., and Deluca, T. H., “Blomass as an Energy Source for the Midwesam U.S.." Amencan Joumal of Atematve Agnouiture,
draft copy, n press, 1962; *Annual Report on Fusl Ethanal.” Solar Energy Research Ingtute, Goiden, Calorado, 1990; “Agncuitral Chemical Usage: 1991
Fiekd Crops Summary,” U.S. Deparimant of Agricuiture, ERS, Washingion, 0.C.. 1982
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1. HOw MUCH ENERGY IS USED TO GROW THE CORN?

This is a complicated question because of the wide
variations in farming practices and farming conditions.

Com is grown in a variety of ways and in a variety of
dimatic and soil conditions. All of these affect the amounts
and kinds of energy used. ,

For example, the single largest component of on-farm
use is for nitrogen fertilizer, representing about 40 percent of
all energy used in corn planting, cultivation and harvesting.
The use of nitrogen fertilizer varies dramatically. Com
planted in rotation with soybeans or other legumes uses
much less fertilizer than corn grown continuously.'

Comn farmers nationwide make 1.3-22 applications of
nitrogen per year. Those who monitor the existing nitrogen

in the soil before additional applications reduce the amount

of nitrogen used as well.?

The National Research Coundil notes, “Within a given
region for a specific crop, average production cost per unit of
output on the most efficient farms are typicaily 25 percent less,
and often more than 50 percent less, than the average cost on

less efZzent farms.” Tt study conduded that in 1587 the -~
most . dent Minnesota :-m farms used about 40 percent less

fertilizer and pestidide per bushel than the least efficent farm.*

A Missouri study of 1,000 farms concluded that a 40
percent reduction in nitrogen applications is possible even
among farmers using corn/soybean rotation systems u they
adopt alternative growing techniques.*

Large farms tend to use continuous corn planting and
higher nitrogen fertilizer applications. Smaller farm
operations tend to rotate corn and soybeans or other legumes,
lowering nitrogen fertilizer applications. From year to year
large variations might occur even on the same farm due to
weather conditions. Pennsylvania nitrogen fertilizer use, for
exampie, ranged from 113 pounds per acre in 1988 to over 140
pounds in 1989 and 1990 to 84 pounds in 1991.

Our conclusions related to on-farm energy use are
contained in Table 2, Agricultural Energy Use for Corn
Production in the United States. This Table is the basis for
the Feedstock Production data in Table 1.

Table 2. Agricultural Energy Use for Corn Production In the United States
1| #LxAverage Best Existing " State-of-the-Art

E-_ga‘l‘Ulacn' éTU/gaP ibs/acre BTU/acre!| BTU/gaR | lbs/acre f %éTU/acn' BTU/galR
(corn) | (ethanol) | (com) (com) | (ethanol) (com) (com) | (ethanoi)

Nitrogen - - 4,023,900 | 13,150 7 2,130,000 | 6,830 s 1,178,000 | 3,850

Phosphorus:: 48 263,160 860 38 198,000 630 15 83,400 272

? 57 241,740 790 2 935,000 300 17 72,760 238

1.58 218,790 s | 158 218,790 718 1.58 218,790 715

6.67(gal) | 977976 | 3,196 |64S(ga) | 944930 | 3088 | 625(ga) | 915700 | 2992

2 - 3,280,320 | 10,720 - 3,116,300 | 10,184, - 3,010,800 | 9.650
fawinugz}i — | o0ossse | 29431 | — 7543020 | 21,747 —  |sare4s0 | 17717

1 The sverage enargy cormant of rrogen ferdizer s 31,000 BTUs per pound, phosphorus ferskzens conmn 5,580 8TUs per poundd, and pomsh ferdikzers 4,280 STUS per pound.
2 Acre (com) 10 Galion (eSWnor) CONVENEon & based on AVErage Com STop yisids of 120 dushels per acre and 255 gufons of etanct per bushel.
3 Nasional average 10 nerogen appicasion (1991) was 127 PO per acre. Scush Ouekom achieved 1he IDwest st sverage appicasion of 71 pounds per &cre.

4 Fusi eficiancy of newar machinery acoouws 1o e AANNCS Detween 1eee ermties.

SOURCES: Osk Ridge Nasional Labormory, Osk Ridge, Tennesses, 1990; “Farmens Fusing Amerc: A Soecial Rapart on Ehancl.” Farm Joumal Cusom Publsting Comoany.
1991 mw,o.n_mouar.u.m-mmmumwu.a'mmamm“mmm1m Agosra

Chemecal Usage: 1991 Fskd Crops Summmary,” U.S. Deparvnent of Agricusiure, ERS. Wastingion, 0.C., 1982
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The national average for nitrogen fertilizer application
for corn production in 1991 was 127 pounds per acre. South
Dakota farmers used the least amount. South Dakota is the
ninth largest producer of corn in the U.S., with a 1991
producton of 2405 million bushels. The state has 19, 448
mostly smaller farms that primarily rely on com/soybean
rotations. South Dakota has traditionally been below the
national average in nitrogen fertilizer application. In 1989 it
used 131 pounds per acre, dropping to 82 pounds in 1990
and 71 pounds in 1991.

Aside from fertilizers, energy is used for on farm
vehicles and for crop drying, seed, on-farm electricity, bulk
crop transportation and for crop irrigation. The use of
irrigation in particular makes a significant difference in the
energetics of corn. Only 16 percent of all com grown in the
U.S. comes from irrigated farms. Thus in the first column of
Table 1 under Other(Feedstock) we have assigned a
weighted average of 16 percent in our calculations.

The average farm used about 6.67 gallons of diesel fuel
per acre in 1990-91. Estimates for industry best are based on
more fuel effident vehicles.

The state of the art column assumes that farmers use
low input agricultural practices and new hybrd vareres,
like Pioneer Hi-Bred International’s new tropical comn.

Although the state of the art column intends to represent
a hypothetical best case we have identified at least one farmer
who has already achieved similar results. Since 1987, the.
Thompson farm, located in Central Jowa, has been using 33
percent less energy than the national average while achieving
yields 30 percent above the national average. Its total energy
input is about 5 million BTUs per acre of comn compared to
our state of the art estimates of 5.479 million BTUs and the
national average of 9 million BTUs. Translated into energy
input per gallon of ethanol, the Thompson farm contributes
about 16,800 BTUs per gallon of ethanol produced compared
to our low input figures of 17,700 BTUs per gallon.$ -

Our conclusion is that, for corn production, farmers use
29,431 BTUs per gallon of ethanol. The most energy-efficent
farms use 21,747 BTUs while the state of the art is 17,717
BTUs per gallon. Fpr comparative purposes, we also
include the energy used to raise wood, 16,570 BTUs per
gallon of ethanol produced.

2 HOW MUCH ENERGY IS USED TO MAKE THE ETHANOL?

 The data in Table 1 for ethanol production are contained
in the section titled, Processing Energy Input. They are
arrived at by taking the weighted average of both wet and
dry milling operations that produce at least 10 million
gallons per year. Wet milling accounts for 70 percent of all
ethanol produced.

The ethanol industry is only 15 years old. Early plants
were very ineffident. Indeed, in 1980 a typical ethanol plant
did consume more energy than was contained in a gallon of
ethanol. Some plants used as much as 120,000 BTUs to produce
a gallon of ethanal that contained only 76,000 BTUs of energy.

In the last decade ethanol plants have become much more
energy efficient. This has occurred in many plant operations.
In 1980, for example, ethanol plants used 25 to 4.0 kWh of
electridty per gallon of ethanol produced. Today they use as

little as 0.5 kWh. The majority of ethanol producers stiil
purchase electridity from outside, but newer fadlities generate
electricity from process steam within the plant.

In the late 1970s, ethanol plants did not recover waste
heat. Today they do. Old energy intensive rectification and
solvent extraction systems required 12,000 BTUs per gallon
of ethanol produced. Newer molecular sieves need only 500
BTUs.* Larger producers have been using molecular sieves
for several years. Now smaller plants(20 million gallons per
year and less) are starting to incorporate it.

We conclude that the ethanol industry, on average,
uses 49,380 BTUs per gallon to manufacture ethanol. The
best existing plants use 36,232 BTUs per gallon. Next
generation plants will require only 31,550 BTUs per gallon of
ethanol produced.
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' 3. How DO WE DIVIDE THE ENERGY USED AMONG THE PRODUCTS PRODUCED?

|

If we add the amount of energy used in growing comn
on the average farm today to the amount of energy used to
make ethanol in the average processing plant today, the
total is 75,811 BTUs per gallon (Table 1, Column 1). Since
ethanol itself contains only 76,000 BTUs per gallon, one
might be tempted to conclude that ethanol is not a net-
energy product, that is, that it takes as much energy to make
a gallon of ethanol as is contained in a gallon of ethanol.

That would be incorrect because the energy used to
grow the com and much of the energy used to process the
corn into ethanol is used to make other products as well In
wet mills, these products include corn oil, 21 percent protein
feed, 60 percent gluten meal, germ, sometimes carbon
dioxide and several grades of refined starches and com
sweeteners. In dry milling co-products can include comn oil,
distillers dry grain with solubles(DCDGS) and carbon dioxide.

Thus we need to allocate the energy used in the
cultivation and production process over a variety of
products. This can be done in several ways.

One is by taking the actual energy content of the co-
products to estimate the energy credit. For example, 21%
protein feed has a calorie content of 16,388 BTUs per pound.
The problem with this method is that it puts a fuel value
on what is a food and thus undermines the true value of

Another way to assign an energy value to co-products L,
based on their market value. This is done by adding up ths

market value, in dollars, of all the products from corn
processing, including ethanol and then allocating energy
credits based on each product’s proportion of the total
market value. For example, Table 3 shows the material
balance and energy allocation based on market value for a
typical wet milling process. Here the various co-products
account for 43 percent of the total value derived from a
bushel of corn, and thus are given an energy aedit of 32,511
BTUs per gallon of ethanol

The replacement value method is a third way to
determine co-product energy credits. Here we determine the
nearest competitor to corn products and calculate how much
energy it would require to raise the feedstock and process it
into that product. For example, it requires 1.6 pounds of
soybean oil to replace 1.6 pounds of corn oil. The energy
required to raise the soybeans and extract the oil comes to
10,616 BTUs. The nearest feeding equivalent to the 13.5
pounds of 21% corn protein feed is 13.45 pounds of barley.
The energy required for growing the barley and drying it ic g
1,336 BTUs per pound, which translates into 7,047 BTUs pexg
gallon of ethanol equivalent. The carbon dioxide
replacement value is based on the energy intensity of other

the product. fermentation processes that produce it as a by-product.
Table 3. Market Value Method for Allocating Energy for Corn Wet Milling #
(1 bushei=56 pounds) i
Products ~ _Amount Produced  Market Value Total Value  Energy Allocation E
F T (pounds) (dokars per pound) (oltars) -mnmm;
Corn OII* 1.8 0.35 0.58 8,164
21% Gluten Feedte | -. 135 0.08 0.68 t o pae
60% Gluten Meal 28 0.12 0.31 519 d
g ' e 4700 0.04 aes [ oEERSM . -
34.7 - 2 32511
E - @s |- 0.18 : 297 -GS 00k
51.2 - 5.20 S8

1 The mariat vaiue for com ol preserasd heve & for redned od. Crute com od has & market valus of 27 Cere per pound.

2 The 21% promsin feed iInciudes 1.0 © 1.5 pounds of germ Meal et 8 prOdUcEd AITY e EXFRCION of Com Gl FOm grm.

3 Average e0wnol yweid I8 2.58 gaiions per busnel with a 6.6 pounds per galion denstty. A gafion of elanol aurendly selis for $1.20.

SOURCES: Com Redners’ Assocacn, Washingion, 0.C.. 1982 Nasonal Com Growers Assccmson, Sairt Lous, Mo., 1982 Chemicef Markesng
Reporter, 1982, .
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Table 4. Co-Product Energy Credit Methodologies for Corn Wet Milling
(BTUs,Gallon of Ethanal) '

| Method ComOil  60%Gluten 21%Protein  Carbon Total |
Meai Feed dioxide  Co-Products |

Actual Energy Value | 9960 | 3404 | 16388 — | 2e7s2 |
Market Energy Value 8,164 4519 9.914 9,914 32511 ;

| Replacement Value' 10,616 2,827 7,047 4,460 24,950 ‘

1 Replacement viuus of ComM o4 # Dased on & ONE-10-0Ne reRIaceMet of soYDean od. 12.5 pounds of 21% proeIN GILten f9ed S repiaced by 13.45
pounds of Darkey (0N & pOUNN eqUIVAIGNt Dass) with an energy value of 1,336 BTUs per pound ot barey for producuon ang arywng. The carbon
Cioxa8 Mepacemern vaius m 0asaq On N NENgy IMBNSY of Other fGTMENtanon processes that produce ¢ as a by-product. There @ NO acual

aNergy value for carbon 40Nde sNCe 1 B NGt classdied as 3 feed or a fual.

SQUACES: Macgregor, C.A.. “Directory of Feeds and Feed ingredients.” wo Hoard & Sons, Milwaukee. Wisconsin, 1989: Handbook of Energy
Jtilizanon in Agnauture, D. Pimentsl (ed.), CRC Press, Boca Raton, Fionda., 1980; CRC Hangbook of Chemsty and Physics, O. Ladl(od) CAC

Press, Boca Raton, Flonda.. 1992

Table 4 provides a comparative overview of all three
methodologies. The first two rows are based on corn
products. The third row is based on non-corn equivalents.
Carbon dioxide has no actual energy value because it is not
classified as a food(calorific value) or a fuel{combustion value).

‘The last column in Table 4 shows the variation
depending on which methodology is used. For Table 1 we
chose to use the replacement value energy estimates, which

ome to 24,950 BTUs per gallon.

We have chosen a higher value of 32,693 BTUs per
gallon for the best existing and state of the art cases. Each
of the co-products produced with ethanol competes with

and replaces a variety of alternate products. For example,
21% corn protein meal competes with conventional feed
products like hay, grain straw, soybean protein, baﬂey, etc,
many of which are not clearly defined in terms of energy
value. Currently 21% corn protein competes with all of
these and partially replaces all of them. If it were to
completely replace barley alone, it would have a higher
energy credit. The higher energy credits in the second and
third columns of Table 1 are calculated based on potential
products that have a higher energy replacement value and
which are only partially replaced currently by corn-ethanol

co-products.

CONCLUSION

Assuming an average efficiency corn farm and an
average effidency ethanol plant, the total energy used in
growing the corn and processing it into ethanol and other
products is 75,811 BTUs. Ethanol contains 76,000 BTUs per
gallon and the replacement energy value for the other co-
products is 24,950 BTUs. Thus the total energy output is
100,950 BTUs and the net energy gain is 25,139 BTUs for an
energy output-input ratio of 1.33:1.

The best existing operations, assuming the corn is
grown on the most energy efficient farms and the ethanol is
produced in the most energy efficient plants, the net energy

gain would be over 50,000 BTUs for a net energy ratio of
1.87:1. Assuming state of the art practices, the net energy
ratio could be as much as 221:1. Cellulosic crops, based on
current data, would have a net energy ratio of 2.45:1.
Although we did not explore the following in detail in
this report, one could also offer a worst case scenario for
ethanol production. This would assume that the most
energy ineffident farms supply the most energy inefficient
production fadlities. Some corn farmers may use as much
as 47,000 BTUs per gallon of ethanol produced, assuming
irrigation and continuous corn planting, Ineffident ethanol
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production fadlities may consume an additional 55,000
BTUs per gallon. Assuming 76,000 BTUs per gallon of
ethanol and co-product energy credits of 24,950 BTUs per
gallon, the end result would be a slight energy loss. Very
few plants operating in the U.S. are this ineffident. We
estimate that less than 1 percent of total ethanol capadity in
the U.S. is produced in this manner. :

We think it reasonable to look at least to columns one
and two for the answer to our initial question. Based on
industry averages, we use less energy to grow the corn and
make ethanol than is contained in the ethanol. Moreover,
we think it is a safe assumption that as the ethanol market
expands, new fadlities will tend to incorporate state-of-the-
art processing technologies and techniques so that each new
plant is more energy efficent than the one before. It is a less
safe assumption that farmers will continue to become more
energy effident in their operations because of the many
variables involved. Nevertheless, it does appear that
growing numbers of farmers are redudng their farm inputs
and that this trend will continue.

A final word about cellulose. [f annual ethanol sales "
expand beyond 2 billion gallons, cellulosic qops, not stars;.':
will probably become the feedstock of choice. The datai |
the last column suggest a very large energy gain from
converting cellulosic crops into ethanol. Cellulosic crops,
like fast growing tree plantations, use relatively little
fertilizer inputs and use less energy in harvesting than
annual row crops. The crop itself is burned to provide
energy for the manufacture of ethanol and other co-
products. A major co-product of cellulosic crops is lignin,
which currently is used only for fuel but which potentially
has a high chemical value. Were it processed for chemical
markets the net energy gain would be even greater.

Our conclusion is that under the vast majority of
conditions, the amount of energy contained in ethanol is

| significantly greater than the amount of energy used to make

ethanol, even if the raw material used is comn. If ethanol
should become a significant transportation fuel, increasing
its market share far above its present 1 percent share, the raw
material will probably be cellulosic crops which have much
better than a two to one net energy production.
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